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Abstract
Knowledge of variation among populations is important for making decisions about conservation of rare,
threatened or endangered taxa. We investigated variation within and among five populations ofDirca palustris
L. an understory shrub with a sporadic distribution and life-history traits that led us to predict strong
phenotypic and genetic differentiation characteristic of historically limited gene flow. Populations sampled in
Florida, Alabama, Illinois, Wisconsin and North Dakota spanned the geographic distribution of the species.
Phenotypic traits differed among populations, and many traits correlated with latitude and environmental
characteristics of the five sites. Principal components (PC) analysis showed that the first three PCs explained
only 43% of the total phenotypic variation, and neighbor-joining analysis showed phenotypic overlap among
individual plants across the five populations. The most phenotypically distinct populations were in Florida
(unique in the color of pubescence on bud scales) and North Dakota (unique in a number of floral and
vegetative traits). We found genetic differentiation among populations based on PC and neighbor-joining
analysis of ISSR data and plants reliably clustered by population of origin. Fifty-four percent of the total
genetic variation was among populations, and a Mantel test of both phenotypic and genetic data showed
isolation-by-distance, which is indicative of historically limited gene flow. Both allelic richness and the number
of private loci for each population decreased with increasing latitude, suggesting founder effects, genetic
bottlenecks or genetic drift during the postglacial re-colonization of D. palustris into higher latitudes. The
populations in North Dakota and Florida, which are imperiled at the northern and southern range limits of D.
palustris, have the most unique phenotypes and genotypes and should represent priorities for conservation.
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ABSTRACT.—Knowledge of variation among populations is important for making decisions
about conservation of rare, threatened or endangered taxa. We investigated variation within
and among five populations of Dirca palustris L. an understory shrub with a sporadic
distribution and life-history traits that led us to predict strong phenotypic and genetic
differentiation characteristic of historically limited gene flow. Populations sampled in Florida,
Alabama, Illinois, Wisconsin and North Dakota spanned the geographic distribution of the
species. Phenotypic traits differed among populations, and many traits correlated with
latitude and environmental characteristics of the five sites. Principal components (PC)
analysis showed that the first three PCs explained only 43% of the total phenotypic variation,
and neighbor-joining analysis showed phenotypic overlap among individual plants across the
five populations. The most phenotypically distinct populations were in Florida (unique in the
color of pubescence on bud scales) and North Dakota (unique in a number of floral and
vegetative traits). We found genetic differentiation among populations based on PC and
neighbor-joining analysis of ISSR data and plants reliably clustered by population of origin.
Fifty-four percent of the total genetic variation was among populations, and a Mantel test of
both phenotypic and genetic data showed isolation-by-distance, which is indicative of
historically limited gene flow. Both allelic richness and the number of private loci for each
population decreased with increasing latitude, suggesting founder effects, genetic bottle-
necks or genetic drift during the postglacial re-colonization of D. palustris into higher
latitudes. The populations in North Dakota and Florida, which are imperiled at the northern
and southern range limits of D. palustris, have the most unique phenotypes and genotypes
and should represent priorities for conservation.
INTRODUCTION
Data on phenotypic and genetic variation among natural populations help biologists
identify conservation priorities. For instance, information about the structure of diversity in
species or populations that are rare, endangered, at risk because of habitat destruction or
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threatened by changes in climate, can be used to direct focused efforts to conserve maximal
diversity before it is lost (Lesica and Allendorf, 1995). Additionally, it has become a goal in
conservation biology to preserve the long-term evolutionary potential of natural genetic
resources, which requires knowledge about genetic variation and structure among
populations. Species that occupy broad geographic ranges or that occur within scattered
populations with limited potential for gene flow diverge in phenotypes or genotypes across
their distributions given sufficient evolutionary time (Loveless and Hamrick, 1984; Lopez et
al., 2007). Such divergence may result from reproductive isolation coupled with natural
selection or genetic drift. Consequently, populations differentiated genetically from others
of a species may often be small, isolated and vulnerable to changes in climate and land use
but also may be important repositories of genetic variation for future adaptation (Davis and
Shaw, 2001; Hampe and Petit, 2005).
Dirca palustris L. (eastern leatherwood) is a deciduous understory shrub that occurs
sporadically from Nova Scotia west to North Dakota, and south to Oklahoma and Florida
(Nevling, 1962; Peterson et al., 2009). The species may have occupied a more continuous
area in North America before anthropogenic impacts or other phenomena fragmented a
once-larger genetic aggregate into patchy remnants (Schrader and Graves, 2004). The
historical distribution of the species is unclear, however, and it also is possible that D.
palustris has never been distributed more continuously and that long-term isolation of
discrete populations has promoted genetic and phenotypic differentiation.
Although ranked globally secure (G4) in the NatureServe database (2009), Dirca palustris
is recognized as imperiled (S2) and critically imperiled (S1) in Florida and North Dakota,
respectively, where the southernmost and northernmost populations occur. The discontin-
uous distribution of the species, its broad geographic range and the limited capacity for seed
dispersal within the genus (Ward and Horn, 1998; Graves, 2008) led us to speculate that we
would find phenotypic and genotypic differentiation among disparate populations of D.
palustris. Characterization of the nature of phenotypic and genetic variation within D.
palustris is of conservation value because the species is infrequent throughout much of its
range, and many populations that persist today are fragmented patches in old-growth
habitats. Consequently, only limited gene flow among these populations is expected, which
is unlikely to contribute to the ecological security or long-term evolutionary potential of the
species (Young et al., 1996).
Noteworthy phenotypic differentiation of populations within the accepted range for Dirca
palustris has been illustrated already by Floden and Mayfield (2006) and Peterson et al.
(2009), who reported populations of Dirca L. in Kansas and northern Florida, respectively,
that differ in traits from the accepted description of D. palustris. These findings, the
fragmented nature of D. palustris, and its life-history traits as a long-lived woody perennial
that is insect-pollinated, self-compatible and has gravity-dispersed seeds (Williams, 2004;
Graves, 2008; Zasada et al., 2008), provide a rationale for further investigation of phenotypic
and genetic variation within and among populations that span the distribution of the
species.
Despite their value in ecological studies, measures of morphological differentiation
among plants in natural populations may not represent genetic differentiation but plastic
responses of genotypes to contrasting environments (Dorken and Barrett, 2004; Brock
and Weinig, 2007). However, patterns of genetic differentiation among populations can
be estimated readily by amplifying regions of genomic DNA by using microsatellite
genetic markers. Therefore, investigations of intraspecific variation to facilitate
conservation decisions can be strengthened by an approach that uses both phenotypic
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and genetic measures (Garcı´a et al., 2008). One genetic technique that has proven useful
for studies of conservation genetics of woody species is the use of inter-simple sequence
repeats (ISSRs) (Ge et al., 2005; Jin and Li, 2007). ISSRs exhibit higher levels of
polymorphism than do other microsatellite markers but produce consistent banding
patterns across a range of reaction conditions (Esselman et al., 1999; Bornet and
Branchard, 2001). Because ISSRs have been used for both species- and population-level
studies within the genus Dirca (Schrader and Graves, 2004; Graves and Schrader, 2008),
we used them to study genetic variation within and among geographically disparate
populations of Dirca palustris.
Our goal was to test the hypothesis that gene flow among populations of Dirca palustris was
historically limited, and not the product of more recent fragmentation, by characterizing
phenotypic and genetic variation within and among five natural populations and relating
the observed variation to the environment and geography. We sought to answer the
following questions important for decisions about conservation of patchy populations
exemplified by the present distribution of D. palustris: (1) Are phenotypes and genotypes of
D. palustris distinct and structured among disparate populations, providing evidence for
isolation-by-distance and historically limited gene flow? (2) Does variation in phenotypic
measures among populations follow predictable geographic or environmental trends? (3)
Was the northward migration of D. palustris following the last glacial maximum associated
with a loss of genetic diversity, as expected under conditions of strong directional selection,
founder effects or genetic drift?
MATERIALS AND METHODS
PHENOTYPIC VARIATION
Populations we studied were in North Dakota (48u579530N, 98u069010W), Wisconsin
(43u419410N, 90u489130W), Illinois (37u309510N, 88u399430W), Alabama (34u289290N,
86u029390W) and Florida (30u349370N, 84u569440W) (Fig. 1). We defined a population as
a group of individuals within 3 km of each other within each site. Phenotypic traits were
measured in 2008 and 2009 on 30 plants in each population selected to represent the range
of plant sizes observed and differences among plants in exposure to insolation (Table 1).
Floral and vegetative traits were measured on each of the selected plants (Table 1). We
measured floral traits between 14 Feb., during anthesis of plants in Florida, and 4 May,
during anthesis of plants in North Dakota. Five inflorescences at peak anthesis were selected
on each plant, and measurements of whole inflorescences and an individual flower from
each inflorescence were made using handheld calipers (Fig. 2). We also counted the
inflorescences arising from the terminal 30 cm of each of three branches per plant. The
branches were selected by blindly reaching out to mid-canopy at equidistant points around
each plant.
We measured the height of each plant from the soil surface to its highest point, total
canopy width at the widest dimension, and trunk diameter at its widest dimension at the soil
surface (Table 1). Average annual stem elongation of each plant was estimated by
measuring stem elongation from 2006–2008 on the three branches previously selected to
obtain inflorescence counts. Number of first-order branches arising from the terminal 30 cm
of these branches was recorded. On each branch, we also measured the internode between
the terminal and first subterminal inflorescence, the length of the thorn-like spur that arises
from the terminal position on branches of Dirca (Graves, 2006), and the basal diameter of
the stem that formed in 2009. The terminal leaf of each selected branch was harvested, its
length and width were measured and a length-to-width ratio was calculated. The angle of the
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apex of each harvested leaf was measured with a protractor, and surface area of these leaves
was measured with a LI-COR 3100 leaf area meter (LI-COR, Inc., Lincoln, NE). Weights of
leaves were recorded after they dried at 67 C for 5 d, and the specific weight (mg?cm22) of
each leaf was calculated. The color of pubescence on bud scales of each plant was recorded
as either brown or white.
FIG. 1.—Locations (black circles) of five populations of Dirca palustris assessed. Populations are in
North Dakota (along Little Pembina River; Pembina Co.), Wisconsin (Jersey Valley County Park;
Vernon Co.), Illinois (Bell Smith Ecological Area, Shawnee National Forest; Pope Co.), Alabama
(Buck’s Pocket State Park; Marshall Co. and DeKalb Co.) and Florida (Torreya State Park; Liberty Co.)
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Environmental data were collected for each population. Estimates of photosynthetically
active radiation (PAR) received by each plant during the growing season were recorded
during one visit to each site in both 2008 and 2009, between 11 Apr. (Florida) and 4 Jul.
(North Dakota), after leaves in the overstory had fully expanded and when Dirca palustris
were similar phenologically at all sites (Table 1). During the visit to each site, PAR was
measured three times over each plant during both the morning (1000 to 1200 HR) and
afternoon (1500 to 1700 HR) according to local times. Measurements over each plant were
standardized by dividing them by a PAR value recorded in a location open to the sky at each
site. A LI-COR LI-185A quantum radiometer (LI-COR, Inc., Lincoln, NE) was used to
measure PAR in 2008 and an AccuPAR LP-80 Ceptometer (Decagon Devices, Inc., Pullman,
WA) was used in 2009. PAR values from each year were averaged to provide a single overall
estimate of insolation available to each plant during the two years. Additionally, a composite
soil sample comprising 10 subsamples was collected from each site and analyzed by the Soil
and Plant Analysis Laboratory, Iowa State University, Ames, IA to determine soil pH (1:1
soil:water), percentage total nitrogen (combustion analysis) and percentage organic matter
(combustion analysis) (Table 1). Annual precipitation and mean daily minimum and
maximum temperatures were gathered from the National Climatic Data Center website
(U.S. Department of Commerce, 2007).
TABLE 1.—Phenotypic traits and environmental characteristics measured for populations of Dirca
palustris
Measure
Year measured
Plants sampled
per population
Subsamples
per planta2008 2009
Floral
Inflorescence measurementsb X 30 5
Flower measurementsc X 30 5
Vegetative
Whole-plant dimensionsd X 30 1
Branchiness of stemse X 30 3
Internode length X 30 3
Stem elongationf X X 30 3
Other stem measurementsg X 30 3
Leaf measurementsh X 30 3
Environmental
Insolation X X 30 6
Soil characteristicsi X 10 NA
a Represents the number of subsamples collected each year measurements were gathered
b Includes inflorescences per branch, number of flowers per inflorescence, length of inflorescence
and width of inflorescence
c Includes length of calyx, width of calyx, extension of pistil and extension of stamens
d Includes plant height, plant width and trunk diameter
e Number of first-order branches arising from terminal 30 cm of selected stems
f Stem elongation during 2006 and 2007 was measured in 2008 based on position of conspicuous bud
scars. Stems elongated during 2008 were measured in 2009
g Includes basal width of stems elongated in 2009, and length of terminal spur on each stem
h Includes leaf length, leaf width, leaf specific weight and angle of leaf apex
i Includes soil pH, percentage nitrogen, and percentage organic matter, identified using one
composite soil sample comprising 10 subsamples per population
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GENOTYPIC VARIATION
From each population we collected fully expanded leaves from 19 mature Dirca palustris
selected to represent the spatial distribution of plants within the population. To reduce the
likelihood of sampling ramets of the same genotype (Graves, 2008), leaves were collected
only from plants .10 m from the nearest sampled neighbor. Laminal tissue desiccated with
silica gel was ground, and DNA was extracted with an AutoGen 740 DNA isolation system
(AutoGen, Inc., Holliston, MA). We used five fluorescent 39-anchored ISSR primers
[(CA)6RG, (GTG)3GC, (AC)8G, (CAC)3RC, and (CTC)3SG] previously optimized for
analysis of genomic DNA from the genus Dirca by Schrader and Graves (2004). Three
replicate PCR reactions for each primer were carried out as described in Graves and
Schrader (2008). An Applied Biosystems (ABI) PrismH 3100 Genetic Analyzer separated the
amplified DNA fragments according to number of base pairs and produced gel images of
resulting fluorescent bands. We used Genographer 2.1.4 (Benham et al., 1999) to analyze gel
images for the presence or absence of a band at each locus. Only loci between 100 and 500
base pairs with unambiguous character were scored and only bands present in at least two of
FIG. 2.—Diagram of a typical inflorescence of Dirca palustris. Measurements recorded were length of
calyx (LC), width of calyx (WC), extension of stamens (ES), extension of pistil (EP), length of entire
inflorescence (LI) and width of entire inflorescence (WI). Measurements of individual flower parts were
recorded from one flower within each inflorescence. Flowers in congruent positions within each
inflorescence were selected, although flowers within inflorescences did not differ markedly based on
their positions
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three replicate gel images were considered present. After scoring, matrices representing
presence (1) and absence (0) of bands produced by each of the five primers were combined
for analyses of genetic variation. Samples that failed to amplify or that produced unreadable
smears in gel images were removed before analysis.
DATA ANALYSIS
Means separation and Pearson correlation tests of phenotypic measurements were
conducted with the Statistical Analysis System 9.1.3 (SAS Institute Inc., Cary, NC). The
general linear models (GLM) procedure was used with a subsampling design to account for
multiple observations per plant. The LSMEANS option of the GLM procedure was used with
Tukey adjustment for multiple comparisons to generate means-separation statistics. The
Pearson correlation (CORR) procedure was used to test for correlations between
phenotypic traits and latitude or environmental characteristics. Individual subsamples of
phenotypic data were averaged for each plant such that the 30 plants per population
constituted the observational units for the correlation tests.
Principal components (PC) analysis was performed using the program STATISTICA 9.0
(StatSoft Inc., Tulsa, OK) to determine which of 20 phenotypic traits (Table 2, excluding
plant height and trunk diameter, which are likely to be age-dependent) accounted for the
most variation among plants and to visualize the clustering of plants in two-dimensional
phenotypic space. A principal components analysis based on Nei’s genetic distance (Nei,
1978) was conducted in GenAlEx 6.1 (Peakall and Smouse, 2006) to visualize clustering of
plants in genetic space. Partitioning of genetic variance within and among populations was
performed with the analysis of molecular variance (AMOVA) procedure in GenAlEx 6.1 with
999 permutations. Correlations between latitude and genetic characteristics among
populations, including number of loci detected, percentage polymorphism and number
of private alleles, were tested with the Pearson correlation (CORR) procedure in the
Statistical Analysis System 9.1.3.
We calculated pair-wise and population-wise phenotypic distances (Euclidean distances;
Sneath and Sokal, 1973) by using 20 measures of growth and morphology (Table 2,
excluding plant height and trunk diameter) with each variable standardized from 0 to 1.
Pair-wise and population-wise Nei’s genetic distances (Nei, 1978) were calculated based on
ISSR loci using Tools For Population Genetic Analysis (TFPGA; Miller, 1997). Distance
matrices were used with the NEIGHBOR program in the Phylogenetics Inference Package
(PHYLIP; Felsenstein, 1995) to construct unrooted neighbor-joining dendrograms to depict
pairwise phenotypic and genetic relationships among all plants sampled. Dendrograms were
also constructed to depict population-wise phenotypic and genetic relationships. The
Mantel test (Mantel, 1967) option in GenAlEx 6.1 with 999 permutations was used to
compare phenotypic (Euclidean) and geographic (km) distances, and to test for genetic
isolation by distance (Wright, 1943) by using pair-wise genetic (Nei’s) and geographic
distances.
RESULTS
PHENOTYPIC VARIATION
Floral and vegetative traits differed among populations. Plants in North Dakota were
unique in floral characters, with the most inflorescences, the most flowers per inflorescence,
the shortest inflorescences and calyxes and the least extension of pistils (Table 2). Plants in
North Dakota also had the greatest annual stem elongation and internode lengths. Plants in
Wisconsin had the greatest trunk diameters, the stoutest trunks, and the lowest length-to-
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TABLE 2.—Floral and vegetative traits of Dirca palustris in five populations. Population means are of 30
replicate plants, with five observations per plant for inflorescence measures and three observations per
plant for number of inflorescences on selected branches. Measures of branches on selected stems, stem
elongation, internode length, leaf length, leaf length-to-width ratio, leaf specific weight and angle of leaf
apex are means of three observations per plant. Values in parentheses are coefficients of variation (%)
for each trait among plants within each population
Measure
Population
North Dakota Wisconsin Illinois Alabama Florida
Floral
Inflorescences per branch 13.5 aa 10.5 b 5.6 c 9.7 b 9.4 b
(28.3) (30.5) (45.4) (40.9) (25.9)
Flowers per inflorescence 3.2 a 3.0 b 3.0 b 3.0 b 3.0 b
(8.4) (1.2) (6.4) (6.1) (3.0)
Length of inflorescence (mm) 8.8 c 9.3 b 10.6 a 10.7 a 9.4 b
(5.5) (7.2) (8.7) (8.4) (5.6)
Width of inflorescence (mm) 5.6 b 5.6 b 5.6 b 5.8 b 6.3 a
(10.2) (10.0) (12.3) (15.8) (8.2)
Length of calyx (mm) 5.9 c 6.6 b 7.8 a 8.0 a 6.4 b
(6.4) (7.6) (8.7) (8.1) (5.9)
Width of calyx (mm) 2.4 cdb 2.5 c 2.4 d 2.6 b 3.0 a
(9.6) (10.3) (7.2) (8.0) (7.1)
Extension of pistil (mm) 3.4 c 4.0 b 4.6 a 3.8 b 4.1 b
(16.6) (25.8) (16.9) (28.2) (14.6)
Extension of stamens (mm) 2.9 abb 2.7 ab 2.8 ab 2.6 b 2.9 a
(15.6) (20.9) (18.7) (24.7) (14.5)
Vegetative
Plant height (cm) 160 a 161 a 147 ab 127 b 126 b
(21.6) (31.5) (24.0) (23.2) (20.2)
Plant height-to-width ratio 1.2 a 1.0 b 1.2 a 1.0 b 1.0 b
(12.3) (18.2) (31.2) (16.4) (16.4)
Trunk diameter (mm) 34.9 b 43.1 a 33.2 b 29.4 b 27.1 b
(27.9) (38.5) (29.3) (34.0) (34.1)
Trunk stoutness (mm?cm21)c 0.22 b 0.27 a 0.23 b 0.23 b 0.21 b
(12.2) (16.7) (26.5) (24.8) (21.5)
Branches on selected stems 6.8 b 7.4 ab 6.5 b 8.0 a 6.2 b
(21.0) (21.4) (22.9) (16.9) (18.1)
Stem elongation (mm)d 87.3 a 50.1 b 36.9 c 43.4 bc 47.8 b
(26.1) (42.7) (54.5) (48.5) (37.1)
Internode (mm) 28.3 a 19.8 b 21.3 b 20.5 b 18.4 b
(19.1) (25.1) (27.8) (21.7) (18.1)
Length of stem spur (mm) 1.2 a 1.0 b 0.8 c 0.9 bc 0.7 d
(25.1) (30.0) (21.3) (41.9) (19.1)
Basal width of stem (mm) 2.9 a 2.6 ab 2.5 ab 2.3 b 2.2 b
(18.4) (17.7) (72.7) (14.8) (12.1)
Leaf length (mm) 78.5 a 77.3 a 78.9 a 74.6 ab 73.0 b
(9.3) (12.4) (11.6) (12.4) (7.8)
Leaf length-to-width ratio 1.7 b 1.5 d 1.8 a 1.6 c 1.6 c
(7.6) (10.3) (8.1) (7.3) (4.3)
Leaf specific weight
(mg?cm22)
2.7 a 2.5 b 2.7 a 2.7 a 2.7 a
(16.2) (14.4) (15.1) (14.6) (7.7)
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width ratios and specific weights of leaves (Table 2). Plants in Illinois had the fewest
inflorescences per branch, the greatest extension of pistils and the highest length-to-width
ratios of leaves. Plants in Florida had the widest inflorescences and calyxes, and white
pubescence on bud scales instead of the brown pubescence characteristic elsewhere
(Table 2), though there were several unsampled plants in Alabama with white bud-scale
pubescence. The longest inflorescences and calyxes were in Illinois and Alabama, and plants
in Alabama and Wisconsin shared the most branches on selected stems. Most traits showed
consistent coefficients of variation (CVs) across populations; the traits with the greatest
ranges in CVs were stem elongation, length of terminal spur on stems and basal width of
stems (Table 2). The traits most variable within populations were number of inflorescences
per branch, trunk diameter and stem elongation, and the trait least variable was number of
flowers per inflorescence (Table 2).
Phenotypic traits among populations correlated with both latitude and environmental
characteristics. Mean insolation ranged from 3.5% open-sky radiation in Illinois to 10.2%
open-sky radiation in North Dakota (Table 3). Soil pH and percentage organic matter were
highest in North Dakota and lowest in Florida, whereas percentage nitrogen was lowest in
Florida but varied only modestly among populations (Table 3). Annual precipitation and
mean daily minimum and maximum temperatures were lowest in North Dakota and highest
in Florida (Table 3). Most floral traits, excluding extension of stamens, inflorescence counts
and number of flowers per inflorescence, correlated negatively with latitude, insolation and
soil characteristics and positively with mean daily temperature and precipitation (Table 4).
In contrast, inflorescence count and number of flowers per inflorescence correlated
negatively with temperature and precipitation and positively with latitude and other
environmental characteristics. Vegetative traits correlated negatively with temperature and
precipitation but positively with latitude, insolation and soil characteristics. Exceptions were
leaf specific weight, which correlated negatively with soil nitrogen and organic matter, and
trunk stoutness, which correlated negatively with insolation (Table 4). In addition to
correlations with phenotypic traits, latitude and environmental characteristics of temper-
ature, precipitation, soil pH, soil nitrogen and soil organic matter correlated with one
another (all P , 0.0001; |coefficients| from 0.59 to 0.99). In contrast, mean insolation
correlated only with soil pH (P , 0.0001; coefficient 5 0.45) but not with latitude or other
environmental variables (all P $ 0.142; |coefficients| from 0.07 to 0.17).
Principal components analysis of phenotypic data showed that the first three PCs
explained 43% of the total phenotypic variance (19%, 13% and 11%, respectively).
TABLE 2.—Continued
Measure
Population
North Dakota Wisconsin Illinois Alabama Florida
Angle of leaf apex (degrees) 82.0 ab 85.6 a 82.7 ab 80.1 b 82.0 ab
(7.0) (9.6) (9.9) (8.5) (4.6)
Pubescence on bud scales brown brown brown browne white
a Means within each row followed by the same letter are not different at P # 0.05 according to Tukey’s
Honestly Significant Difference test
b Identical means followed by different letters within rows are explained by rounding effects
c Calculated as trunk diameter divided by plant height
d Represents the average annual stem elongation during 2006–2008
e Several plants in the population in Alabama had white pubescence on bud scales, although all
plants sampled had brown-pubescent bud scales
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Retention of all eight PCs with eigenvalues greater than one explained 75% of the total
variance. Greatest loadings on PC1 were by traits for which plants from North Dakota were
distinct (mean value for each trait either highest or lowest among the populations). Greatest
loadings on PC2 and PC3 were by traits for which plants from Florida were distinct. Factors
loading at least 60% on PC1 included inflorescence count (20.71), inflorescence length
(0.63), calyx length (0.67), average stem elongation (20.85), internode length (20.74) and
length of terminal spur on stem (20.60). Factors loading $60% on PC2 included calyx
width (0.60) and pubescence color (0.63). One factor (inflorescence width; 0.63) loaded
significantly on PC3.
In two-dimensional phenotypic space, plants from North Dakota grouped exclusively in
the negative region on PC1, plants from Florida, Alabama and Illinois grouped largely in the
positive region, and plants from Wisconsin were distributed over both regions (Figs. 3A, B).
On PC2 (Figs. 3A, C), plants from Illinois grouped entirely in the negative region, plants
from Florida grouped exclusively in the positive region, and the remaining populations
were distributed over both regions. On PC3 (Figs. 3B, C), most plants from Wisconsin
grouped in the negative region, plants from Florida grouped exclusively in the positive
region, and the remaining populations were distributed over both regions. Although
populations grouped into different general regions of phenotypic space, there was
considerable overlap among them.
Neighbor-joining analysis based on pair-wise phenotypic distances produced a dendrogram
with three obvious clades (Fig. 4). The first clade contained exclusively all 30 plants sampled
in Florida. The second clade comprised most of the plants from North Dakota but also 10
plants from Wisconsin, three from Alabama and four from Illinois. The third clade contained
most of the plants from Alabama, Illinois and Wisconsin, with three plants from North Dakota
(Fig. 4). Although neighbor-joining analysis of phenotypic measurements did not group all
plants into discrete populations, a Mantel test nonetheless showed a positive correlation
between pair-wise phenotypic distances and geographic distances (Rxy 5 0.45; P 5 0.001).
TABLE 3.—Environmental characteristics of sites supporting five populations of Dirca palustris
Measure
Population
North Dakota Wisconsin Illinois Alabama Florida
Mean insolation (%)a 10.2 5.3 3.5 8.2 9.1
(8.6)b (3.3) (4.9) (8.2) (4.6)
Soilc
pH 7.4 6.0 5.6 5.9 5.2
Nitrogen (%) 0.3 0.3 0.2 0.3 0.1
Organic matter (%) 6.1 4.5 2.4 4.4 1.0
Climated
Annual precipitation (cm) 47.2 83.9 117.2 136.0 143.1
Mean daily minimum (uC) 23.5 0.7 7.2 9.4 12.9
Mean daily maximum (uC) 9.4 11.9 19.3 21.9 25.6
a Mean insolation within each population is the average of 12 measurements recorded over each of 30
replicate plants
b Values in parentheses are standard deviations of mean insolation
c Soil measurements were obtained from composite soil samples comprising 10 subsamples collected
at each site
d Data are from the National Climatic Data Center (U.S. Department of Commerce, 2007)
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Neighbor-joining analysis based on population-wise phenotypic distances (Fig. 5A)
showed that populations grouped as might be expected by their geographic relationships.
Florida and Alabama grouped together phenotypically, North Dakota and Wisconsin
grouped together, and Illinois was placed between the two pairs of populations (Fig. 5A).
Comparisons of phenotypic distances among populations showed the two populations with
the greatest phenotypic distance between them were in North Dakota and Florida, whereas
the most phenotypically similar populations were in Wisconsin and Alabama (Fig. 5A).
Plants in Florida and North Dakota were also the most phenotypically distinct when
compared with the remaining populations and had mean values of population-wise
phenotypic distance 19% greater and 21% greater, respectively, than the mean of
phenotypic distances among all populations. Plants in Alabama and Wisconsin, which were
the least phenotypically distinct when compared with the remaining populations, had
TABLE 4.—Pearson correlations between phenotypic traits and latitude or environmental character-
istics of five sites supporting Dirca palustris. Correlation coefficients are based on data from 30 plants
within each of five populations. Asterisks indicate significance at P # 0.05. Note that latitude and
environmental characteristics are largely correlateda
Latitude Temperatureb Precipitationb Insolationc
Soil
pHd
Soil
Nd
Soil
OMd
Inflorescences per branch 0.37* 20.33* 20.37* 0.54* 0.47* 0.15 0.35*
Flowers per inflorescence 0.37* 20.37* 20.42* 0.40* 0.47* 0.12 0.33*
Length of inflorescence 20.40* 0.44* 0.51* 20.42* 20.38* 20.06 20.28*
Width of inflorescence 20.32* 0.27* 0.23* 0.22 20.23* 20.24* 20.24*
Length of calyx 20.43* 0.47* 0.56* 20.49* 20.41* 20.07 20.31*
Width of calyx 20.51* 0.54* 0.50* 0.23* 20.38* 20.40* 20.40*
Extension of pistil 20.22 0.23* 0.25* 20.34* 20.31* 0.01 20.15
Extension of stamens 0.06 20.03 20.06 0.12 0.02 0.00 0.03
Plant height-to-width ratio 0.18 20.16 20.18 0.02 0.23* 0.05 0.08
Trunk stoutness 0.11 20.12 20.08 20.32* 20.02 0.14 0.08
Branches on selected stems 0.08 20.04 20.01 0.30* 0.11 0.09 0.10
Stem elongation 0.50* 20.51* 20.56* 0.51* 0.59* 0.24* 0.45*
Internode length 0.47* 20.41* 20.45* 0.34* 0.56* 0.22 0.42*
Length of stem spur 0.50* 20.58* 20.56* 0.05 0.47* 0.23* 0.36*
Basal width of stem 0.29* 20.57* 20.60* 0.37* 0.26* 0.32* 0.23*
Leaf length 0.24* 20.23* 20.22 20.04 0.25* 0.25* 0.23*
Leaf length-to-width ratio 0.02 20.07 20.11 20.08 0.05 20.11 20.05
Leaf specific weight 20.10 0.19 0.15 0.05 20.05 20.28* 20.29*
Angle of leaf apex 0.11 20.09 20.08 20.16 0.00 0.13 0.08
a Latitude, temperature, precipitation, soil pH, soil nitrogen and soil organic matter correlated with
one another (all P , 0.0001; absolute values of coefficients ranged from 0.59 to 0.99). Mean insolation
was correlated with soil pH (P , 0.0001; coefficient 5 0.45) but not with latitude or other
environmental variables (all P $ 0.1424; absolute values of coefficients ranged from 0.07 to 0.17)
b Temperature and precipitation for each population were collected from the National Climatic Data
Center (U.S. Department of Commerce, 2007). Values of temperature used for correlation analysis were
mean daily minima
c Insolation for each population was calculated as the population average of mean insolation
recorded over each plant
d Soil pH, soil nitrogen (N) and soil organic matter (OM) for each population was identified using
one composite soil sample comprising 10 subsamples
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average distances 21% less and 17% less, respectively, than the mean of phenotypic
distances among all populations.
GENOTYPIC VARIATION
Samples from 84 plants were amplified from the five populations. Total polymorphism
was 63% among 293 loci. The number of loci detected per population ranged from 231 for
North Dakota to 264 for Alabama and Florida (Table 5). Percentage of polymorphic loci
varied from 20 among samples from North Dakota to 36 among samples from Alabama. The
population in North Dakota had no private alleles, whereas the population from Florida had
14 (Table 5). Among combinations of populations grouped north to south, we found that
North Dakota and Wisconsin together had one allele not present in the other populations,
whereas Florida and Alabama together had 28 alleles not present in the remaining
FIG. 3.—Scatterplots of principal components based on observations of plants of Dirca palustris among
five populations. A–C. Principal components analysis based on 20 phenotypic traits. Component 1
(inflorescence count, inflorescence length, calyx length, average stem elongation, internode length and
length of terminal spur on stem) explained 19% of the phenotypic variation among plants, component
2 (calyx width and pubescence color) explained an additional 13%, and component 3 (inflorescence
width) explained an additional 11%. D. Principal components analysis based on Nei’s genetic distance
calculated from ISSR loci. Component 1 explained 60% of the genetic variation among plants,
component 2 explained an additional 18%, and component 3 (not shown) explained an additional 14%
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populations. The three southern populations collectively had 32 alleles not present in the
two northern populations; the three northern populations had only five alleles not present
in the two southern populations. Finally, 29 alleles present in the four northern populations
were absent in the population in Florida, whereas the four southern populations had 62
alleles not present in North Dakota (Table 5). AMOVA showed genetic structure among
populations (P , 0.001), with 54% of the total molecular variance among populations and
46% within populations (Table 5). A Mantel test showed a positive correlation between
genetic and geographic distances (Rxy 5 0.56; P 5 0.001), which is indicative of isolation-by-
FIG. 4.—Unrooted neighbor-joining dendrogram based on phenotypic traits of Dirca palustris in five
populations. Three major clades are numbered above. Parenthetical values show composition of clades
as percentage of terminal nodes represented by each population. Distances among individual plants are
interpreted by adding radial branch lengths linking any pair of terminal nodes. Bar 5 Euclidean
phenotypic distance of 0.2
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distance. Pearson correlation tests showed negative correlations between latitude and both
the number of private alleles (r 5 20.82; P 5 0.046) and the number of loci per population
(r 5 20.88; P 5 0.025). Although we found the magnitude of correlation between latitude
and percentage polymorphism was also somewhat high (20.61), this correlation was not
significant (P 5 0.14).
Principal components analysis and neighbor-joining analysis provided evidence for
differentiation among populations. Principal components analysis of genetic data showed
that the first three PCs explained 92% of the total genetic variance (60%, 18% and 14%,
respectively). Fig. 3D shows a scatter-plot of plants in two-dimensional genetic space based
on the first two PCs. On PC1, plants from Florida grouped exclusively in the positive region,
whereas plants from the remaining populations grouped exclusively in the negative region
(Fig. 3D). On PC2, plants from Alabama grouped exclusively in the positive region, plants
from Wisconsin and Illinois grouped largely in the negative region, and plants from North
Dakota and Florida grouped exclusively in the negative region (Fig. 3D). Neighbor-joining
analysis based on pair-wise genetic distances produced a dendrogram with five distinct
clades, although one clade was nested within another (Fig. 6). The first, second and third
clades contained all the plants from Florida, Alabama and Illinois, respectively. The fourth
clade contained all the plants from Wisconsin and North Dakota, with the fifth clade (North
Dakota) nested within the fourth (Fig. 6).
Neighbor-joining analysis based on population-wise genetic distances (Fig. 5B) showed
that populations grouped as might be expected by their geographic relationships. Florida
and Alabama grouped together genetically, North Dakota and Wisconsin grouped together,
and Illinois was placed between the two pairs of populations (Fig. 5B). Comparisons of
genetic distance among populations showed the two populations with the greatest genetic
distance between them were in North Dakota and Florida, whereas the most genetically
similar populations were in Wisconsin and Illinois. Neighbor-joining analysis also showed
that the branch length (genetic distance) to the population in Florida was considerably
longer than those of the other populations, indicating that plants in Florida are more
genetically distant from the remaining populations than any of the remaining populations
are from each other (Fig. 5B). The population in Florida had a mean value of population-
wise genetic distance 59% greater than the mean of genetic distances among all
populations.
FIG. 5.—Phenotypic and genetic distances among five populations of Dirca palustris. A. Phenotypic
distances (Euclidean). B. Nei’s genetic distances. Bars 5 distance scales
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DISCUSSION
PHENOTYPIC VARIATION
Floral and vegetative traits differed among the populations of Dirca palustris, with the
populations in Florida and North Dakota the most phenotypically distinct (Table 2).
Differences in floral traits, particularly, could represent genetic divergence, as the
TABLE 5.—Genetic variation and analysis of molecular variance (AMOVA) within and among five
populations of Dirca palustris based on ISSR analysis. Values for each population depict the number of
samples that were amplified, number of loci detected, percentage of polymorphic loci and number of
private alleles per population or group of populations. Values in boxes represent number of alleles
private to each group of populations
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reproductive phenotype is considered to be under more strict genetic control than
vegetative traits (Cresswell, 1998). Although vegetative traits are often noted to be more
plastic than floral traits (Brock and Weinig, 2007), considerable differences in vegetative
measures may also suggest genetic divergence. For instance, the striking qualitative
difference in color of pubescence on bud scales of Dirca from Florida and those from the
remaining populations (Peterson et al., 2009) represents a discrete signal of divergence,
although less-discrete differentiation of many polygenic or quantitative traits may likewise
represent genetic divergence. Considering all phenotypic measures combined, the
northernmost and southernmost populations we sampled differed the most from each
FIG. 6.—Unrooted neighbor-joining dendrogram based on ISSR bands from Dirca palustris in five
populations. Five major clades are numbered; plants from Florida (1), Alabama (2), Illinois (3) and
North Dakota (5) grouped into distinct clades, although the clade from North Dakota was nested within
a larger clade containing all the plants from Wisconsin (4). Distances among individual plants are
interpreted by adding radial branch lengths linking any pair of terminal nodes. Bar 5 Nei’s genetic
distance of 0.03
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other and from geographically intermediate populations (Fig. 5A), and the Mantel test
showed phenotypic distances correlated positively with geographic distances. Collectively,
these results indicate that geographically disparate populations of D. palustris have diverged.
Given sufficient time, at least some of the total divergence in phenotypic traits is expected to
be genetic in species with scattered populations and life-history traits that include insect-
mediated pollination and limited capacity for seed dispersal.
Several of the differences we observed among populations may be explained in part by
different environmental influences (Table 3) on growth and development. The positive
correlations between several vegetative measures and measures of both insolation and soil
resources suggest a role of resource limitation in some of the phenotypic variation we found
(Table 4). Allocation of resources to vegetative or floral structures by plants often is limited
by resource availability (Suzuki, 2001). However, we also found negative correlations
between many of these same traits and both annual precipitation and temperature.
Regarding precipitation, it may be that the specific habitats in which Dirca palustris occurs
are similar in soil moisture despite differences in precipitation on the regional level, so
interpretation of this correlation is difficult. Further, the negative correlation between
measures of vegetative growth and mean daily minimum temperature also is difficult to
interpret; it suggests, however, that shorter growing seasons in northern populations do not
represent the primary limitation to annual stem elongation among the populations we
studied (Table 4). Length of growing season may be relatively unimportant for growth
of D. palustris, because plants of the species probably acquire the majority of their
photosynthetic energy in the early spring before becoming densely shaded when leaves of
overstory species have expanded. Overall, conflicting relationships among environmental
variation and phenotypic traits, and intercorrelations among latitude and most measures of
environmental variation, confound meaningful interpretation of variation in environmental
characteristics. The general conclusion we can offer is that many vegetative traits correlated
positively with latitude, and many floral traits correlated negatively with latitude. These
correlations may represent either genetic differentiation in response to environmental
selection on phenotype or plastic responses of phenotypes to contrasting environments.
Although we found variation in phenotypic traits among populations, there was also
considerable variation within populations. This conclusion is supported by principal
components analysis and pair-wise neighbor-joining analysis. Principal components analysis
showed that loadings on the first three PCs were greatest for traits that largely defined the
populations in Florida and North Dakota. However, representation of two-dimensional
phenotypic space constructed from the first three PCs showed that although plants from
North Dakota and Florida largely grouped to themselves, they did share space with plants
from other populations (Figs. 3A–C). Furthermore, these three PCs explained less than half
the total phenotypic variance, and only 75% of the total phenotypic variance was explained
when all eight components with eigenvalues greater than one were retained. Neighbor-
joining analysis based on pair-wise phenotypic distances produced results similar to
principal components analysis, with three main groupings: (1) plants from Florida, (2) most
plants from North Dakota with several from Wisconsin and a few from Illinois and Alabama
and (3) most plants from Wisconsin, Illinois and Alabama, with several from North Dakota
(Fig. 4). Our results demonstrate both among-population differentiation in phenotypes and
considerable variation within populations. There is little evidence that the central
populations on this transect have undergone strong differentiation in phenotypic traits;
the most-fully differentiated populations comprised the white-pubescent plants in Florida
and the plants from North Dakota, which were distinct in numerous floral and vegetative
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traits. Environmental influences and genetic differences among plants in Wisconsin, Illinois
and Alabama were insufficient for promoting development of discrete phenotypes.
GENOTYPIC VARIATION
Although evidence for structuring of phenotypic variation was mixed, we found clear
genotypic differentiation among the five populations. Results of the AMOVA, which shows
strong differentiation among populations (54% of total variance), is evidence for historically
limited gene flow among geographically separated populations. The high level of genetic
differentiation we found among populations of Dirca palustris is characteristic of species that
are long-lived, insect-pollinated, self-compatible or have gravity-dispersed seeds (Nybom and
Bartish, 2000). Our results for D. palustris are also consistent with those for D. occidentalis
Gray, in which 37% of total molecular variation based on ISSR markers was among
populations despite a narrowly endemic distribution around the San Francisco Bay (Graves
and Schrader, 2008). Moreover, the Mantel test produced evidence of isolation by distance
(Wright, 1943), which is characteristic of species with low rates of gene flow among
populations due to historical geographic isolation or life-history traits conducive to
differentiation (Sharbel et al., 2000; Ge et al., 2005; Jin and Li, 2007). Across the sampled
populations, the most genetically dissimilar pair was that of Florida and North Dakota
(Fig. 5B), consistent with a hypothesis that more geographically distant populations are
more genetically dissimilar.
Further evidence for genetic divergence among populations of Dirca palustris was found in
the results of pair-wise neighbor-joining analysis. Plants grouped into clades corresponding
to the population to which each belonged, although plants from North Dakota formed a
clade nested within the clade containing plants from Wisconsin (Fig. 6). These findings
contrast markedly with the neighbor-joining dendrogram of phenotypic data in which
individual plants, with the exception of those from Florida, failed to group into distinct
clades representing the populations to which they belonged. Several explanations seem
likely to account for the greater power of ISSR data than phenotypic data to group plants by
their population of origin. First, extensive within-population variability is likely to be found
in datasets of phenotypic measurements, owing to phenotypic plasticity of plants growing in
different habitats or microhabitats within each site. Second, the failure of phenotypic data
to yield distinct groupings may represent a relative absence of selective pressures or genetic
drift uniquely shaping phenotypic traits within each population. Third, the ISSR markers we
used sample large portions of the genome for selectively neutral genetic variation, and so
genomic regions sampled may be free to diverge more rapidly than can phenotypic traits,
which are more likely to have direct fitness consequences. Thus, one may find significant
genetic differentiation among populations even in the absence of phenotypic variation
(Lauter and Doebley, 2002).
Our genetic results also provide insight on the phylogeography and conservation value of
the populations of Dirca palustris we studied. For example, we found evidence for a decrease
in genetic diversity with increasing latitude (Table 5). Pearson correlation tests showed that
both allelic richness (number of loci) and the number of private alleles per population
decreased with increasing latitude. For instance, the population in North Dakota lacked 62
alleles present in at least one of the remaining populations, whereas the population in
Florida lacked only 29. When the two southernmost populations were analyzed together,
they had more than five times as many private alleles as the three northern populations
combined. Although we did not find significant evidence that percentage polymorphism
decreased with increasing latitude, polymorphism dropped by 38% between Wisconsin and
North Dakota. Collectively, these findings are evidence that the northward expansion of D.
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palustris to the upper Midwestern region of the United States following the last glacial
maximum was associated with loss of genetic diversity. Such loss of diversity may be a
consequence of genetic bottlenecks, founder effects or strong directional selection (Lacy,
1987; Broyles, 1998; Hewitt, 2000). Differentiation resulting from multiple genetic
bottlenecks and stochastic losses of genetic diversity with recurrent colonization is
consistent with a pattern of range expansion in which newly formed populations did not
continuously exchange genes with preexisting populations during northward migration
(Loveless and Hamrick, 1984; Hewitt, 2000). Moreover, the grouping of plants from North
Dakota in the clade containing all the plants sampled in Wisconsin (Fig. 6) suggests that the
population in North Dakota is derived from a limited subset of the genetic variation present
in the lineage that founded the population presently in Wisconsin.
In contrast to the population in North Dakota, the population in Florida, at the
southern distributional limit of the species, is distinguished genetically by its numerous
private alleles (Table 5). Populations like the one in North Dakota, which may both lack
genetic diversity and be most adapted to conditions at the leading edge of range shifts as a
consequence of directional selection during migration to new climates (Lacy, 1987), could
be important for northward expansion of Dirca palustris in response to regional climate
change (Davis and Shaw, 2001). However, genetically diverse populations that are often
found at the trailing edge of range shifts, such as the population of D. palustris in Florida,
represent important repositories for genetic diversity of a species (Hampe and Petit, 2005).
We recommend further sampling of central and peripheral populations of D. palustris to
confirm whether the pattern of diversity we found is consistent throughout the distribution
of the species.
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